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A method for performing in- 
trastromal photo-refractive keratec- 
tomy in the cornea (12) of an eye 
using a pulsed laser beam, includes 
the initial step of focusing the beam 
to a focal spot at a selected start- 
ing point in the stroma (22). The 
starting point is located at a prede- 
termined distance behind the epithe- 
lium (18) of the cornea. While fo- 
cused on the starting point, the laser 
beam is pulsed to disrupt a volume 
of stromal tissue (36) which is sub- 
stantially equal to the volume of the 
focal spot. Subsequently, the beam 
is focused in a patterned sequence to 
focal spots at other discrete points in 
the stroma. At each point the stro- 
mal tissue is photo-disrupted. With 




this progressive pattern of photo-disruption, each spot is placed substantially adjacent a volume of previously disrupted tissue. The resultant 
photo-disrupted tissue-creates a layer which is substantially centro-symmetrical around the optical axis. A plurality of layers can be removed 
to create a cavity in the stroma. When the cavity collapses, the corneal curvature is changed as desired. 



FOR THE PURPOSES OF INFORMATION ONLY 

.Codes used to identify States party to the PCT on the front pages of pamphlets publishing international 
applications under the PCT. 



AM 


Armenia 


GB 


United Kingdom 


MW 


Malawi 


AT 


Austria 


GE 


Georgia 


MX 


Mexico 


AU . 


Australia 


GN 


Guinea 


NE 


Niger 


BB 


Barbados 


GR 


Greece 


NL 


Netherlands 


BE 


Belgium 


HU 


Hungary 


NO 


Norway 


BF 


Burkina Faso 


IE 


Ireland 


NZ 


New Zealand 


BG 


Bulgaria 


IT 


Italy 


PL 


Poland 


BJ 


Benin 


JP 


Japan. 


PT 


Portugal 


BR 


Brazil " 


KE 


Kenya 


RO 


Romania *■ 


BY 


Belarus 


KG 


Kyrgystan 


RU 


Russian Federation . 


CA 


Canada 


KP 


. Democratic People's Republic 


SD 


Sudan 


CF 


Central African Republic 




of Korea 


SE 


Sweden 


CG 


Congo 


KR 


Republic of Korea 


SG 


Singapore 


CH 


Switzerland, 


KZ 


Kazakhstan 


SI , 


Slovenia 


ci 


C6te d'lvoirc 


LI 


Liechtenstein 


SK 


.Slovakia 


CM 


Cameroon 


LK 


■Sri Lanka 


SN 


Senegal 


CN 


China 


LR 


Liberia 


SZ 


Swaziland 


CS 


Czechoslovakia 


LT 


Lithuania 


TD 


Chad 


CZ 


Czech Republic 


LU 


Luxembourg 


TG 


Togo 


DE 


Germany - 


LV 


Latvia 


TJ 


Tajikistan 


DK 


Denmark 


MC 


Monaco 


TT 


' Trinidad and Tobago. ■ 


EE 


Estonia 


MD 


Republic of Moldova 


UA 


Ukraine 


ES 


Spain 


MG 


Madagascar 


UG 


Uganda 


fi 


Finland 


ML 


Mali 


US 


United Slates of America 


FR 


France 


- MN 


Mongolia 


uz 


Uzbekistan 


GA 


Gabon 


MR 


Mauritania 


VN 


Viet Nam 



WO 97/06856 PCT/US96/12556 



INTRASTROMAL PHOTOREFRACTIVE KERATECTOMY 

RELATED APPLICATION 

This application is a continuation-in-part of 
copending U.s Patent Application Serial No. 08/151, 726, 
filed 11/12/93, for Intrastroaaal Photorefractive 
Keratectomy. 

FIELD OF THE INVENTION 

The present invention pertains to methods for using 
lasers to accomplish ophthalmic surgery. More 
particularly, the present invention pertains to methods for 
reshaping the cornea of the eye to improve a patient *s 
vxsion. The present invention is particularly, but not 
exclusively, useful as a method for intrastromal 
photorefractive keratectomy (ISPRK) . 

■ 

■ ■ ■ • ^ . ■ i 

BACKGROUND OF THE INVENTION 

It is known that the cornea of an eye can, in certain 
instances, be surgically reshaped to correct and improve 
vision. Where the condition being corrected is myopia, pr 
near-sightedness, the cornea is relatively flattened, 
whereas if hyperopia is being corrected, the cornea is 
relatively steepened. In either case, as more fully set 
forth below, there are several different types of 
ophthalmic surgical procedures which can be employed for 
this purpose. Although the types of procedures may vary, 
the ultimate object in correcting myopia, for example, is 
the same. Namely, the object is to cause the anterior 
surface of the cornea to be flattened, usually by reducing 
the center thickness so that it properly refracts light 
entering the eye for subsequent focussing on the retina of 
the eye. 

The most conunon surgical operation for reshaping the 

* • * 

cornea is a procedure known as radial keratotomy. This 
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procedure, which is used primarily to correct myopia, is 
performed by making a series of radial incisions on' the 
surface of the cornea. These incisions extend from the 
outer edge of the cornea toward its center in spoke-like 
5 fashion to weaken selected sections of the cornea. With 
these weakened sections, the fluid pressure of the aqueous 
humor inside the eye will cause the cornea to deform. When 
intended for the myopic correction procedure, the desired 
deformation is a flattening of the cornea to provide proper 
10 light refraction for improved vision. 

In recent years, the use of cutting tools to make 
incisions into the cornea for vision corrections is 
gradually being replaced or supplemented by the use of new 
surgical procedures using lasers. Rather than making 
15 incisions, laser energy which reshape the cornea do so by 
actually removing corneal tissue. This is accomplished by 
a process which is generally known as phdtoablation. 
Heretofore, the photoablation of corneal tissue has been 
accomplished primarily by focussing laser energy onto the 
exposed anterior surface of the eye. The result which can 
be achieved is dependent on two interrelated factors. 
First, the particular laser system which is employed to 
generate a laser beam will significantly affect how the 
photoablation process can be accomplished. Second, the 
25 method by which the laser energy is manipulated to 
accomplish photoablation will effectively determine the 
efficacy of the procedure. 

For ophthalmic laser systems, several different types 
of laser beams have been suggested. For example, U.S. 
30 Patent No. 4,665,913 which issued to L • Esperance , Jr. for 
an invention entitled "Method for Ophthalmological Surgery" 
discloses a corneal reshaping procedure using an excimer 
laser. As another example, U.S. Patent No. 4,907,586 which 
issued to Bille et al. for an invention entitled "Method 
35 for Reshaping the Eye", and which is assigned to the same 
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assignee as the present invention, discloses a corneal 
reshaping procedure which uses a pulsed laser beam. 

Although using lasers for the removal of corneal 
tissue from the anterior surface of the cornea is known to 
5 be effective, the removal of tissue from the anterior 
surface requires photoablation of several layers of 

different types of tissues in the cornea. These include 

.*.'■■ * * 

portions of the epithelium, Bowman » s membrane and the 
stroma* The present invention recognizes that it is 

10 preferable to leave the epithelium and Bowman's membrane 
intact, and to limit the tissue removal to only the stroma. 
Removal of tissue from the stroma results in the creation 
of a specially shaped cavity in the stroma layer of the 
cornea. When the cornea deforms in the intended manner, 

15 the desired flattening of the cornea results. Further the 
present invention recognizes that internal tissue 
photoablation , or more precisely "phot odisrupt ion" , can be 
effectively accomplished using a pulsed laser energy if the 
Arradiance of the beam, its f ocal spot size, and the proper 

20 layering of photo disruption sites are effectively 
controlled. 

It is an object of the present invention to provide a 
method for performing intrastromal photodisruption on the 
cornea of an eye using a pulsed laser beam which controls 
25 the irradiance of the laser beam to limit the amount of 
tissue which is subject to photodisruption. Another object 

of the present invention is to provide a method for 

■ . ■ ■ ■ • 

intrastromal photorefractive keratectomy which controls the 
spot size and spot configuration of the laser beam to 

10 permit removal of stromal tissue by contiguous 
photodisruption at successively adjacent spots. Still 
another object of the present invention is to provide a 
method for intrastromal phbtodisriiptibn which removes 
; stromal tissue in a predetermined pattern of properly sized 

5 and shaped layers to attain the desired flattening of the 
cornea. Yet another object of the present invention is to 
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provide a method for ihtrastromal photodisruption which is 
relatively easy to perform and which is comparatively cost 



SUMMARY OF THE INVENTION 

. • * " " - * 

5 In accordance with the present invention, a method for 

performing photodisruption and removal of tissue limited to 
the stroma in the cornea of an eye uses a pulsed laser beam 
which is sequentially focused to individual spots at a 
plurality of points in the stroma. Each focus spot has a 
10 finite volume/, rather than being a single point. 
Photodisruption of stromal tissue occurs at each spot where 
the beam is focused/ and the volume of stromal tissue 
disrupted at each spot is approximately equal to the volunie 
of the spot. The photodisrupted tissue is absorbed into or 

• , i • ■ 

15 removed from the cornea through well known means. The 
spots are arranged in successive spiral patterns to 
photodisrupt arid remove a plurality of layers of stromal 
tissue, with the diameters of the layers being properly 
sized to result in the desired diopter correction. 

r 

The physical characteristics of the laser beam, as 
well as the manner of focussing the laser beam, are 
important to the proper performance of the method of the 
present invention. As indicated above, these 



as the characteristics of the laser 
beam are concerned, several factors are important. The 
laser beam shouid have a wavelength that allows the light 
to pass through the cornea without absorption by the 
corneal tissue. Accordingly, the light in the laser beam 
will not be absorbed as the beam transits through the 
cornea until it reaches the focal spot. Generally, the 
wavelenigth should be in the range of 0.3 micrometer (/xm) to 
3/wa, with a wavelength of 1053 nanometers (nm) being 
preferred. The irradiance of the beam for accomplishment 
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of photodisruption of stromal tissue at the focal spot 
should be greater than the threshold for optical breakdown 
of the tissue. The irradiance which will cause optical 
breakdown of stromal tissue is approximately 200 GW/cm 2 . 
5 The irradiance pref ierably should not be more than ten times 
greater than the threshold for optical breakdown and iii 
any event, not more than one hundred times greater than the 
threshold. Further, the pulse repetition frequency of the 
pulsed laser beam is preferably in the range of 
10 approximately l to 10 kHz* 

Second, insofar as the focussing of the laser beam is 
concerned, spot size, spot configuration, and spot pattern 
are all important. The spot size of the focused laser beam 
should be small enough to achieve optical breakdown' of 
15 stromal tissue at the focal spot. Typically, this requires 
the spot size to be approximately 1 Own in diameter. 
Additionally, it is preferable that the spot configuration 
be as close to spherical as possible. To achieve this 
configuration for the spot it is necessary that the laser 
beam be focused from a relatively wide cone angle. For the 
present invention, the cone angle will preferably be in the 
range of 15* to 45°. Finally, the spots must be arranged 
in a pattern that is optimal for creating a cavity of the 
desired shape. The subsequent deformation of the cavity 
25 results in the ultimate reshaping of the cornea in the 
desired fashion to achieve a desired refractive effect. 

T6 perform intrastromal photodisrupt ion in accordance 
with the method of the present invention, the laser beam is 
focused: at a first selected spot at a starting point in the 
30 stroma. For myopic corrections, the starting point is 
preferably on the optical axis of the eye at a location 
behind the epithelium. The laser beam is then activated 

> 

and stromal tissue at the first spot is photodisrupted. 
Importantly, because spot size and configuration and the 
xrradiance level of the laser beam are closely controlled 
for the present invention, the volume of stromal tissue 
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which is photodisrupted and removed at the focal spot is 
carefully controlled. Preferably, this volume is about the 
same as the volume occupied by the focal spot, or typically 
about a 10pm diameter spherical volume. 
5 Next, the laser beam is focused at a second selected 

spot in the stroma. The second spot lies in a plane 
containing the first focal spot, with the plane being 
perpendicular to the Optical axis of the eye. it should be 
noted, however, that during photodisruption of the stromal 
10 tissue, a cavitation bubble results which has a diameter 
which is up to about twice the diameter of the focal spot. 
Therefore, the second focal spot is selected at a point in 
the stroma which is substantially adjacent to the 
cavitation bubble resulting from the first focal spot. 
15 Again, the laser beam is activated and stromal tissue at 
the second spot is photodisrupted to add to the volume of 
stromal tissue which had previously been photodisrupted. 
Because of the placement of the second spot relative to the 
cavitation bubble from the first spot, there is some 
overlap between the cavitation bubbles at the two spots . 
This process is continued, proceeding from point to point 
along a planar spiral through the stroma, until a lojim 
thick layer of stromal tissue has been photodisrupted and 
removed. The layer of photodisrupted tissue is 

perpendicular to the optical axis. 

For effective vision correction of the eye using 
intrastromal photorefractive keratectomv t(.rh«<m,-. ; ^ t is 





preferable that tissue photodisruption be accomplished at 
a plurality of adjacent points in a patterned sequence to 
create a plurality of layers of tissue removal. The object 
is to create a dome shaped cavity within the stromal 
tissue. The dome shaped cavity subsequently collapses, 
reshaping the corneal surface. The present invention 
contemplates that the adjacent focal spots in. a given layer 
of the stroma are all located in a plane perpendicular to 
the optical axis of the eye, and that the pattern of spots 
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in each layer is a spiral pattern which is 
centro-synunetric to the optical axis, of the eye. The 
result is a plurality of flat layers of photodisrupted 
stromal tissue, each layer being perpendicular to the 
5 optical axis. In accordance with the present invention a 
plurality of superposed photodisrupted layers can be 
created by first photodisrupting the layer which is to be 
farthest from the epithelium, followed by successive 
photodisruption of additional layers in an anterior 

10 progression. Each successive layer in the* anterior 
progression has a smaller diameter than the previous layer. 
The amount by which each layer is smaller than the previous 
one is determined by a particular geometric model which has 
been devised to result in the creation of the desired dome 

15 shaped cavity. Regardless of the number of layers created, 
it is important that every layer be at a safe distance from 
the epithelium, e.g. no closer than approximately 3 0 /im. 

BRIEF DESCRIPTION OF THE DRAWINGS 



The novel features of this invention , as well as the 
20 invention itself, both as to its structure and its 
operation will be best understood from the accompanying 
drawings, taken in conjunction with the accompanying 
description, in which similar reference characters refer to 
similar parts, and in which: 
25 Figure 1 is a cross sectional view of the cornea of an 

eye shown in relationship to a schematically depicted laser 
unit; 

Figure 2 is a cross sectional view of the cornea of an 
eye showing the anatomical layers thereof ; 
30 Figure 3 is a schematic representation of the relative 

positioning of adjacent laser beam spots and the resultant 
overlapping disruption of stromal tissue which occurs 
during implementation of the method of the present 
invent ion; and 
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Figure 4 is a plan view schematic representation of a 
predetermined spiral pattern of focal spots and the 
resultant layer in which stromal tissue is photodisrupted 
by implementation of the method of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 




to Figure l, a cross section of 
part of an eye is shown and generally designated 10. For 
reference purposes, the portion of eye 10 which is shown 
includes the cornea 12, the sclera 14 and the lens 16. 
Further, in accordance with standard orthogonal ocular 
referencing coordinates, the z- axis or z direction is 
generally oriented on the optical axis of the eye "io. 
Consequently, the x and y directions establish a plane 
which is generally perpendicular to the optical axis. 
15 As best seen in Figure 2 , the anatomy of the cornea 12 

of an eye 10 includes five different identifiable tissues. 
The epithelium 18 is the outermost tissue on the exterior 
of the cornea 12. Behind the epithelium 18, and ordered in 
a posterior direction along the z-axis, are Bowman's 
20 membrane 20, the stroma 22, Descemet^s membrane 24, and the 
endothelium 26. Of these various tissues , the region of 
most interest to the present invention is the stroma 22. 

Returning for the moment to Figure 1, it will be seen 
that the method of the present invention incorporates a 
25 laser unit 28 which must be capable of generating a pulsed 
laser beam 30 having certain characteristics. Importantly 
the pulsed laser beam 30 should be monochromatic light 
having a wavelength (A) which will pass through all tissues 
of the cornea 12 without interacting with those tissues. 
Preferably, wavelength (X) of laser beam 3 0 will be in the 
range of from three tenths of a micron to three microns 
(X=0.3/im to 3nm) . Also, the pulse repetition rate of laser 
beam 30 should be approximately in the range of from one 
hundred Hertz to one hundred thousand Hertz (0.1-100 kHz). 
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An additional factor of great importance to the present 
invention is that the irradiance of laser beam 3 0 must be 
circumscribed and well defined. The main concern here is 
that the irradiance of beam 30 will/ in large part/ 
determine the photodisruptive capability of pulsed laser 
beam 30 on tissue of the stroma 22. 

Irradiance, or radiant flux density, is a measure 
of the radiant power per unit area that flows across a 
surface. As indicated by the following expression, the 
irradiance of laser beam 30 is a function of several 
variables. Specifically: 

. / pulse energy! 

irraaiance - (pulee duration) (spot size) 

From the above expression for irradiance it can be 
15 appreciated that, for a constant level of irradiance the 
irradiance is proportional to the amount of energy in each 
pulse of beam 30. On the other hand, irradiance is 
aversely proportional, to pulse duration -and spot size. 
The significance of this functional relationship stems from 
the fact that the irradiance of pulsed laser 3 0 should be 
approximately equal to the optical breakdown threshold for 
stromal tissue 22. This threshold is known to be about two 
hundred gigawatts per square centimeter (200 GW/cm 2 ) . 
Insofar as each factor 1 s contribution to irradiance is 
concerned, it is important to recognize that no one factor 
can be considered individually. Instead, the pulse energy, 
pulse duration and focal spot size of laser beam 30 are 
interrelated, and each characteristic is variable. 

For purposes of the present invention, the pulse 
duration of pulses in laser beam 30 is preferably in the 
range of from one hundred femtoseconds to ten nanoseconds, 
and preferably in the range of one to one hundred pico 
seconds (1-100 psec). As for the spot size to which each 
pulse is focused, the determinative consideration is that 
35 the spot size should be small enough to achieve optical 
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breakdown in a volume of stromal tissue 22 which is 
approximately equal to the volume of the focal spot. This 
relationship is perhaps best seen in Figure 3. 

In Figure 3, a succession of focal spots 32a-f are 
shown. All focal spots 32a-f are substantially spherical, 
or slightly ellipsoidal, and have substantially the same 
volume. As such, they can each be characterized as having 
a diameter 34. Focal spots 32a-f are shown arranged in a 

straight line 50 for the sake of simplicity of the drawing, 

«• 

but as will be explained, for the present invention, it is 
preferable for the focal spots 32a-f to be arranged on a 
spiral path. Figure 3 also shows the general relationship 
between each focal spot 32a-f and the associated cavitation 
bubble 36a- f which results when laser unit 28 is activated 
to irradiate a focal spot 32a-f. The cavitation bubble 
36a-f , like the associated focal spot 32a-f , will be 
generally spherical and can be characterized by a diameter 
38. As indicated above, it is preferable that diameter 38 
of each of cavitation bubbles 3 6a-f be the same as the 
diameter 34 of the corresponding focal spot 32a-f . This, 
however, cannot always be achieved. In any event, it is 
important that the volume of cavitation bubble 3 6a-f not be 
significantly larger than the volume of the focal spot 32a- 
f. For the present invention, it is important that the 
diameter 34 of focal spots 32a-f be less than about one 
hundred microns (100/im) , and preferably about 10/xm. It is 
preferable that the diameter 38 of cavitation bubbles 36a-f 
be no more than about twice the diameter 34 of focal spots 
32a-f. 

As indicated above, the focal spot 32a-f is 
substantially spherical. To configure focal spot 32a-f as 
close as possible to a sphere, rather than as an elongated 
ellipsoid, it is necessary for laser beam 30 to be focused 
through a rather wide cone angle 40 (see Figure 1). For 
purposes of the method of the present invention, cone angle 
40 should be in the range of from fifteen to forty five 
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degrees (15°-45°) . Presently, the best results are known 
to be achieved with a cone angle of about thirty six 
degrees (36°). 

For the practice of the method of the present 
5 invention, it is first necessary for the physician to 
somehow stabilize the eye 10. After the eye id has been 
stabilized, laser beam 30 is focused on a focal spot 32a at 
a first selected focal point 42a in the stroma 22. 
Specifically, for many procedures, the first focal point 
0 42a is located generally on the z-axis 44 behind the 
Bowman 1 s membrane 20. As used here; "behind 11 means in a 
posterior direction or inwardly from the Bowman 1 s membrane. 
Once laser beam 30 is so focused, the laser unit 28 is 
activated to irradiate the focal spot 32a at first focal 
point 42a. The result is that a cavitation bubble 36a is 
formed in stromal tissue 22, and a corresponding volume of 
stromal tissue is disrupted and removed from the stroma 22 . 

The physical consequences of photodisruption of 
stromal tissue 22 at the first focal point 42a, and at 
other focal points 42b-f in the stroma 22, are manifold. 
Some tissue around the focal point 42a-f is, of course, 
removed. Additionally, however, by-products such as carbon 
dioxide (C0 2 ) , carbon monoxide (CO) , nitrogen (N 2 ) and water 
(H 2 0) are formed. As stated above these by-products create 
a cavitation bubble 3 6a-f in the tissue of stroma 22. The 
vplume of tissue removed is approximately the same as the 
volume of the cavitation bubble 3 6a-f. 

As indicated in Figure 3, once the cavitation bubble 
36a has been created, the laser beam 30 is repositioned for 
ref ocussing at another point 42b. In Figure 3 it is shown 
that the second focal point 42b is substantially adjacent 
to first focal point 42a and that both the second focal 
point 4?b and first focal point 42a lie on a path 50. 
Importantly, the distance along path 50 between first focal 
point 42a and second focal point 42b is selected so that 
the adjacent volumes of disrupted tissue in cavitation 
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bubbles 36a, b will overlap. In effect, the size of the 
cavitation bubbles 3 6a-f of disrupted tissue volume will 
determine the separation distance between selected focal 
points 42a-f along the path 50. As implied here, 
5 subsequent focal points 42c et seq. will also lie on the 
predetermined path 50 and the disrupted tissue volume at 
any respective focal point 42 will overlap with the volume 
of tissue disrupted at the previous focal point in stroma 
22. Consequently, the separation distance between focal 
10 points 42 on path 50 must be established so that tissue 
removal along the path 50 will be continuous. 

Figure 4 shows a plan view of a photodisrupted layer 
52 as seen looking toward the eye 10 along z-axis 44. 
Also, Figure 4 shows that the first focal point 42a and the 
15 sequence of subsequent points 42b-f all lie along the path 
50. Further, Figure 4 shows that the path 50 can be set as 
a pattern 62 and, as shown in Figure 4, this pattern 62 can 
be a spiral pattern. It is to be appreciated that the 
spiral pattern 62 can be extended as far as is desired and 
20 necessary to create the layer 52 of disrupted tissue 
volumes 36. Further, it is to be appreciated that layer 52 
may be curved to generally conform to the shape of the 
-cornea's external surface. it is also to be appreciated 
that the final pattern 62 will be approximately centre- 
25 symmetric with respect to the optical axis (z-axis 44) of 
the eye 10. 

Referring back to Figure 2, it will be seen that a 
plurality of disrupted tissue volumes 3 6 can be juxtaposed 
to establish a continuous layer 52 of disrupted stromal 

30 tissue. Only a few of the disrupted tissue volumes 36 are 
shown in layer 52, for the sake of clarity of the drawing, 
but it should be understood that th£ entire layer 52 is 
disrupted as discussed above. As shown in Figure 2, a 
plurality of layers can be created in stroma 22 by the 

35 method of the present invention. Figure 2 shows a layer 54 
which is located in front of the layer 52 and a layer 56 

12 
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which is located in front of the layer 54. Layers 58 and 
60 are also shown, with layer 60 being the most anterior 
and smallest in diameter- As with layer 52, layers 54, 56 
58, and 60 are entirely created by a plurality of disrupted 
5 tissue volumes 36. At least ten of these layers can be so 
created, if desired. 

Whenever a plurality of layers are to be created, it 
is important that the most posterior layer be created 
first, arid that each successive layer be created more 
10 anteriorly than any previously created layer. For example, 
to create layers 52, 54, 56, 58, and 60, it is necessary to 
start first with the creation of the layer 52. Then, in 
order, layers 54, 56, 58, and 60 can be created. 

There are limitations as to how close any layer can' be 
15 to the epithelium 18 in order to avoid unwanted 
photodisruption of Bowman • s membrane 20 and the epithelium 
18. Accordingly, no disrupted tissue volume 36 in any 
layer should be closer to the epithelium 18 than 
approximately thirty microns ( 3 O^m) , Therefore , because it 
20 is anticipated that each layer will effectively encompass 
approximately a ten to fifteen micron thickness of tissue, 
it is necessary that first layer 52 be created at an 
appropriate location so that neither layer 52 nor any 
subsequent layer should eventually be located closer to the 
25 epithelium 18 than thirty microns. 

For a required myopic correction, it is desired to 
decrease the amount of corneal curvature by a given number 
of diopters (D) , by increasing the corneal radius of 
curvature. Such a change in corneal curvature is 
30 accomplished by removing certain layers of the stromal 
tissue to create a dome shaped cavity entirely within the 
stromal layer 22. This cavity will then collapse, 
resulting in a flattening of the corneal anterior surface. 
This flattening will achieve the desired corneal curvature 
change. The desired corneal curvature change D in diopters 
can be computed according to the following equation: 
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do 2 
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15 
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where is the selected number of intrastromal layers to be 

used to achieve the curvature change. The thickness of 

each layer, such as lOjm in the example given, is 

represented by t. The index of refraction of the cornea is 

represented by ji. The corneal radius of curvature is p, 

with p 0 being the preoperative radius. The selected outer 

• • " ■ *• * 

diameter of the intrastromal cavity to be created, keeping 

in mind the minimum required separation from the epithelium 
18, is given by d 0 . This selected outer diameter becomes 
the diameter of the first layer to be created. More effect 
is produced with smaller outer cavity diameters, and with 
more layers. The sensitivity to cavity diameter decreases 
sharply over a cavity diameter of approximately 5 mm. 

For myopic correction, the diameter of each layer 52, 
54, 56, 58, and 60 is smaller than the diameter of the 
layer previously created, to create a dome shaped cavity 
with its base oriented posteriorly, and its crown oriented 
anteriorly. A geometric analysis of the change in corneal 
curvature upon collapse of an intrastromal cavity has 
revealed the optimum shape of the cavity. The appropriate 
diameter for each layer, d ±t to achieve a desired correction 
of the anterior corneal curvature, is calculated according 
to the following equation: 



2p 



* 

[■« J (Po^-l) (p»-fc(i-%) ) 2 + (p 0 -Nt) [ (p 0 D* n -l) <p 0 -Nt) -2 Po j 
A [ ~ 2[p%D-Nt ( p 0 D+il-l ) ] ( P 0 - 1 ( i -Vz) ) 
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i designates the layer for which the diameter 

being calculated, and i = l, 2, 3, , tf. 

Table 1 lists the layer diameters , in millimeters/ 
which would result from the selection of an outer treatment 
5 zone diameter or cavity diameter , • of 6 mm. , where N, th^ 
number of intr as tromal layers , varies from 2 to 10. The 



layer has the same diameter as the treatment zone. 
The preoperative corneal radius of curvature is assumed to 
be 8 mm. , and each layer is assumed to have a thickness of 
10 10 /xm. The expected resultant change in corneal radius of 
curvature is listed at the bottom of each column. 



Layer N~2 



X 

2 

3 

4. 

5 

6 

7 

8 

9 

10 



Table 1 
5 6 



6.000 6.000 6*000 6.000 
3.044 4.265 4.779 5.051 
2.490 3.721 4.286 
2.159 3.334 
1.932 



6.000 
5.223 
4.622 
3.920 
3.047 
1.765 



6.000 
5.343 
4.847 
4 . 288 
3.635 
2.624 
1. 



8 9 10 

6.000 6.000 6.000 
5.430 5.497 5.550 
5*009 5.130 5.225 
4.543 4*731 4.875 
4.017 4.289 4.495 
3.404 3.792 4.075 
2.644 3.213 3.602 
1.530 2.495 3.051 
1.444 2.368 
1.370 



-1.50 02.26 -3.02 -3.78 -4.54 ^5.31 -6.08 -6.85 -7.62 
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While the particular method 

photorefractive keratectomy on the cornea of 
an eye using a pulsed laser beam as herein shown and 

in detail is fully capable of obtaining the 
objects and providing the advantages here: 
it is to be understood that it is merely i 
the presently preferred embodiments of the invention and 
that no limitations are intended to the details of the 
construction or design herein shown other than as defined 
in the appended claims. 
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We claim: 
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1. A method for decreasing the curvature of the 
cornea of an eye, the anatomy of the cornea including an 
intermediate stroma, which method comprises the steps of: 

focusing a pulsed picosecond laser beam to a 
plurality of selected focal spots in the stroma; 

pulsing said laser beam to photodisrupt a 
plurality of contiguous volumes of stromal tissue at 
said plurality of focal spots, to create a first flat 
circular cavity layer within the stroma, said first 
cavity layer being perpendicular to an optical axis of 
the eye; and '* 

repeating said focusing step and said pulsing 
step to create a plurality of additional flat circular 
cavity layers within the stroma in an anterior 
progression, said plurality of additional cavity 
layers having progressively smaller diameters, thereby 
forming a substantially dome shaped stromal cavity 
With an anteriorly oriented crown. 



2 . A method as recited in claim 1 , 
comprising the step of calculating said diameter of each 
3 said cavity layer according to the equation 




(p Q D+n-l) (p 0 -t(i-y2)) 2 Mp 0 -ire) t (p 0 P+J3-l) ( Po -jyt) -2 (i3- 

2[plD-Nt ( p 0 IHn-l ) ] ( p 0 - 1 ( i -%) ) 
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3. 



A method as recited 



in claim i, 

spots for each 



said cavity layer in a spiral pattern 
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4 . A method as recited in claim 3 , further 

J * 

comprising the step of arranging said spiral pattern to be 

3 centro-symmetric relative to the optical axis of the eye. 

• ■ * * . . • 

5* A method as recited in claim 1, further 
comprising the step of selecting a laser beam having a 
3 wavelength in a range between three tenths of a microti and 
three microns , a pulse frequency in a range between one 
hundred hertz and one hundred thousand hertz, and an 

* * - , * ■ ■ . 

6 irradiance of approximately two hundred gigawatts per 
square centimeter. 
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6. A method for decreasing the curvature of the 
cornea of an eye, the anatomy of the cornea including an 
3 intermediate stroma , which method comprises the steps of: 

focusing a pulsed picosecond laser beam to a 
substantially spherical first selected focal spot in 
6 the stroma, said focal spot having a selected 



18 



pulsing said laser beam to photodisrupt a 
9 substantially spherical first volume of stromal tissue 

at said first focal spot; 

focusing said laser beam to a substantially 

12 spherical second selected focal spot in the stromal 

'.. > ■ * - 

layer, said second focal spot being adjacent to s'a id 
first focal spot, said second focal spot having a 
15 diameter substantially the same as said first focal 



pulsing said laser beam to photodisrupt a 

spherical second volume of stromal 

• * * 

tissue at said second focal spot; 

repeating said focusing step and said pulsing 
21 step at a plurality of additional focal spots to 

photodisrupt additional contiguous volumes of stromal 

tissue to create a first flat circular cavity layer 
24 within the stroma, said first cavity layer having 'a 

thickness substantially the same as said selected 

diameter of said focal spots, said first cavity layer 
27 having a selected first diameter, said first cavity 

layer being perpendicular to an optical axis of the 

eye; and 

30 repeating said focusing step and said pulsing 

step to create at least one additional flat circular 
cavity layer within the stroma, each said additional 

33 cavity layer being immediately anterior to a 

previously formed said cavity layer, each said 
additional cavity layer having a selected diameter 
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smaller than said previously formed cavity layer, 
thereby forming a substantially dome shaped stromal 
cavity with an anteriorly oriented crown. 



7. A method as recited in claim 6^ 
comprising the step of calculating said diameter of each 
3 said cavity layer according to, the equation : 



1- 



( Po i>+J3-l) .<p 0 -t(i-%) ) 2 + (p 0 -Nt) [ (p 0 D+n-l) (p 0 -Nt) -2 <n-l) pj 

2[plD-Nt <p 0 £>+u-l) ] <p 0 - 1 (i-Va) ) 



8. A method as recited in claim 6/ 
comprising the step of selecting said focal spots for each 

3 said cavity layer in a spiral pattern. 

9. A method as recited in claim 8, further 
comprising the step of arranging said spiral pattern to be 

3 centro-symmetric relative to the optical axis of the eye. 

10. A method as recited in claim 6, further 
comprising the step of selecting a laser beam having a 

3 wavelength in a range between three tenths of a micron and 
three microns, a pulse frequency in a range between one 
hundred hertz and one hundred thousand hertz, and an 

6 irradiance of approximately two hundred gigawatts per 
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11 i A method for creating a cavity in the stroma of 
an eye to decrease the curvature of the cornea of the eye r 
3 the eye having an optical axis, which method comprises the 
steps of: 

calculating a plurality of cavity layer diameters 
6 according to the equation 




24 



27 



1/2 

(p 0 p+n-X) <p 0 -fc<i-Ya)) 2 +<p 0 -tffc) [( Po D+n-X) (p 0 ~Nt)-2 



2[plD-Ntlp 0 p+n-l)]tp 0 -t(i-V2) ) 




focusing a pulsed picosecond laser beam to a 
substantially spherical first selected focal spot in 
the stroma , said focal spot having a selected 



pulsing said laser beam to photodisrupt a 
12 substantially spherical first volume of stromal tissue 



focusing said laser beam to a substantially 
15 spherical second selected focal spot in the stromal 

layer , said second focal spot being adjacent to said 
first focal spot, said second focal spot having a 
18 diameter substantially the same as said first focal 



pulsing said laser beam to photodisrupt a 
21 substantially spherical second volume of stromal 

tissue at said second focal spot; 

repeating said focusing step and said pulsing 
step at a plurality of additional focal spots to 
photodisrupt additional contiguous volumes of stromal 

■ 

tissue to create a first said flat cavity layer within 
the stroma, said first cavity layer having a first 
said calculated diameter, said first cavity layer 

20 
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having a thickness substantially the same as said 
selected diameter of said focal spots, said first 
3 cavity layer being perpendicular to an optical cixis of 

the eye; and 

repeating said focusing step and said pulsing 
6 step to create a plurality of additional said flat 

cavity layers within the stroma, each said additional 
cavity layer being immediately anterior to a 
9 previously formed said cavity layer; each said 

additional cavity layer having a unique said 
calculated diameter smaller than said previously 
12 formed cavity layer, thereby forming a substantially 

dome shaped stromal cavity with an anteriorly oriented 
crown. 

*' * • - * * - 

12' * A method as recited in claim IX, further 
comprising the step of selecting said focal spots for each 
3 said cavity layer in a spiral pattern. 

13. A method as recited in claim 12, further 
comprising the step of arranging said spiral pattern to be 

3 centro-symmetric relative to the optical axis of the eye* 

■ ♦ 

14. A method as recited in claim 11, further 
comprising the step of selecting a laser beam having a 

3 wavelength in a range between three tenths of a micron and 

♦ 

three microns, a pulse frequency in a range between one 
hundred hertz and one hundred thousand hertz, and an 

■ • * 

6 irradiance of approximately two hundred gigawatts per 
square centimeter. 
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